I. INTRODUCTION
It has been known for sometime that boron within crystalline diamond leads to the formation of an acceptor state and, hence, p-type conductivity.
1 An activation energy for the acceptor states of around 0.37 eV was established. Compensation of the boron acceptors by donor levels within the crystal, most normally associated with nitrogen, was found to be growth sector dependent with ͕110͖ directions displaying the highest number of uncompensated acceptors at low doping concentrations, while ͑111͒ suffered the least from compensation at high doping levels. 2 The emergence of chemical vapor deposition ͑CVD͒ methods for the formation of diamond films led to a number of investigations of the nature of boron within CVD grown homoepitaxial, single crystal, films. [3] [4] [5] These studies concentrated on ͑100͒ oriented growth and used diborane as a source of boron during the CVD process. Metallic conduction was reported for the temperature range 300-770 K for a boron concentration of 3 ϫ 10 20 cm −3 . 3 A study by Visser et al. 6 reported on the influence of crystal orientation in terms of ͑100͒ and ͑110͒ samples; higher boron concentrations and lower carrier mobilities were found for the ͑110͒ samples compared with ͑100͒, for the same growth conditions, which was explained in terms of a differing growth mechanism for each. In a comprehensive study of homoepitaxial ͑100͒ films grown by microwave-plasma CVD, Borst and Weiss 7 found that the activation energy for the boron-induced acceptor state varied from 0.37 eV to effectively zero over the boron concentration range 10 17 −3ϫ 10 20 cm −3 , consistent with the expected metal-insulator ͑Mott͒ transition of 2 ϫ 10 20 cm −3 . 8 The influence of compensating nitrogen within CVD grown ͑100͒ diamond homoepitaxial films has been explicitly studied by Sonoda and co-workers, 9 who reported a four times increase in Hall mobility values when ultrahigh purity, low nitrogen containing, growth gases were used during the CVD process. Lagrange et al. 10 grew homoepitaxial ͑100͒ films with boron concentrations within the range 5 ϫ 10 16 −8ϫ 10 20 cm −3 . For boron concentrations up to 2 ϫ 10 17 cm −3 the activation energy was observed to be the 0.37 eV expected for the ionization of boron with compensation ratios of around 10%. Above this and up to 10 19 cm −3 , an E a value of 0.185 was determined, with a compensation ratio less than 10%, while hopping conduction was considered dominant above this, with metallic conductivity at boron concentrations above 3 ϫ 10 20 cm −3 . An important development in the field of diamond electronics has been the development of n-type diamond homoepitaxial films through the introduction of phosphorus containing gases during the CVD process. 11 However, it has now been firmly established that the phosphorus donor level lies deep within the diamond band gap at around 0.6 eV and that the most effective creation of substitutional phosphorus requires the use of ͑111͒ crystal orientations. 12 The pursuit of diamond-based bipolar devices would therefore appear to require the development of high quality boron-doped ͑111͒ films to enable the use of phosphorus doped n-type diamond. Moreover, the deep donor level created by phosphorus implies that the fabrication of devices for high temperature applications is likely to be the most useful avenue to explore for this form of diamond technology. Indeed, high tempera-ture electronics is seen as one of the major future uses of active diamond devices. However, little has currently been reported on the electronic properties of boron-doped ͑111͒ films and insight into the behavior of doped diamond at high temperatures ͑Ͼ500 K͒ is limited. Ri and co-workers 13 recently reported that the growth and doping mechanisms during homoepitaxial growth of boron-doped films on ͑111͒ diamond films by CVD methods strongly differed from those on ͑100͒. They observed an increase in Hall mobility values and a decrease in compensation ratio as the methane concentration within the CVD process was increased, the opposite observation to that for the growth of boron-doped ͑100͒ films. In the current study we have used Hall effect measurements and scanning tunneling microscopy ͑STM͒ analysis to evaluate the properties of a range of CVD grown homoepitaxial ͑111͒ orientation boron-doped diamond films within the temperature range 300-800 K. It will be shown that high mobility valance band transport can be maintained to much higher doping levels in diamond ͑111͒ than in ͑100͒, which is highly advantageous when it comes to the design of devices based on this material.
II. EXPERIMENTAL METHODS
Microwave plasma-enhanced chemical vapor deposition ͑MWPECVD͒ of homoepitaxial diamond films was carried out using methane-hydrogen-trimethylborane ͑TMB͒ gas mixtures. The growth of high quality CVD diamond critically relies upon the use of ultrapure gases; in the current work H 2 was generated in situ from ultrapure water by a 0.5 L/min H 2 generator ͑F-DBS Strumenti Scientifici͒ giving nitrogen impurity levels better than N90. Methane was used with N55 purity ͑99.9995%, Messer B50͒ and TMB ͑C 3 H 9 B͒ supplied as a 2000 ppm mixture in N70 H 2 ͑99.99999%, Messer B10͒ with a nitrogen level less than 1.5 ppm. HPHT prepared single crystal diamond substrates that were ͑111͒ oriented and of type Ib ͑Sumitomo͒ were used throughout. These were cleaned ex situ using a boiling HNO 3 :H 2 SO 4 ͑1:1͒ solution with added KNO 3 , which is known to leave a graphite free, oxidized diamond surface. 14 Following insertion into the MWPECVD chamber samples were further cleaned using a pure hydrogen-plasma ͑500 sccm, 700 W, 5 min͒ prior to growth. Table I shows the growth conditions used to generate five different types of samples, where the principal variable is the concentration of the TMB within the growth gas mixture.
Hall effect analysis was performed using a Lakeshore 7504 Hall system with an Advanced Research Systems helium atmosphere-based closed-cycle refrigerator for low temperature measurements ͑15-300 K͒ and a Lakeshore evacuated probe system for high temperature measurements ͑300-800 K͒. The magnetic field was oscillated between −1 and 1 T as the signal was recorded. This aspect of the Hall experiments performed here is particularly important when investigating wide band gap systems, such as diamond, where significant drift in the background voltage can be encountered during detection of the Hall voltage. An example of this is shown in Fig. 1 , where it can be readily seen that a single measurement of the Hall voltage could produce misleading results, as it would comprise of a voltage due to the Hall effect plus a value associated with background drift. The use of field switching method allows this problem to be overcome. STM measurements were performed using a "nanosurf" STM in air.
III. RESULTS
It has been widely observed that the CVD growth of diamond within a chamber that has previously been exposed to boron containing gases will always lead to some level of boron doping within the film, due to the persistence of boron within the growth environment. 15 In the present case, films were grown using a flow rate of TMB, from zero up to 1.25 sscm. All films were grown to a thickness of approximately 1 m.
STM images revealed a change in surface morphology when the highest boron levels within the CVD growth gas mixture were used, but retention of the substrate surface profile until this point. For example, Fig. 2͑a͒ shows a STM image for sample type 2, indicating a root-mean-square ͑rms͒ value of 0.2 nm, typical of samples 1-4, while Fig. 2͑b͒ shows an image typical for samples 5 and 6. In this case growth domains or "hillocks" can be observed and the rms value reaches around 15 nm. The very fact that clear STM images could be produced for all films indicates that some 
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electrical conductivity was present, even when films were grown without the purposeful introduction of boron containing gas to the growth mixture. Hall effect measurements, carried out over the temperature range 300-800 K are presented in Fig. 3 , in terms of log ͑sheet resistivity͒ versus 1 / T for samples 1-5, ͑a͒-͑e͒. Data recorded for sample types 1-3 were qualitatively similar, showing near-linear characteristics at high temperatures, with a slightly different slope being apparent at lower temperatures. For the lightest doped sample ͑1͒, the transition is around 350 K, where as for sample 3 it is closer to 450 K.
The resistivity values fall with sample number, i.e., 1 Ͼ 2 Ͼ 3. In the case of sample type 4 it is more difficult to distinguish the two regimes and the resistivity has decreased by a further order of magnitude. For sample type 5, the shape of the graph is completely changed, showing little resistivity variation over the entire temperature range, with the resistivity again having decreased by more than one order.
Sheet carrier concentrations are plotted in log form in Fig. 4 before declining to around 15 cm 2 / V s at 800 K. In the case of sample 2 ͓Fig. 5͑b͔͒, the mobility value can be seen to gradually rise from around 3 cm 2 / V s at 300 K to 8 cm 2 / V s at 800 K, where as sample 3 ͓Fig. 5͑c͔͒ remains between 8 and 11 cm 2 / V s for most of this temperature range. Sample 4 ͓Fig. 5͑d͔͒ shows an increase of 6 −13 cm 2 / V s with increasing temperature, while sample 5 ͓Fig. 5͑e͔͒ shows a less significant trend with much lower mobility values in the region of 0.1 cm 2 / V s.
IV. DISCUSSION
In the current study the temperature range investigated was 300-800 K and samples 1-3 were expected to have a lower doping density than samples 4 and 5. This would indeed appear to be the case, given the variation in sheet resistivity that can be seen within Fig. 3 . Thermal activation energies associated with the change in resistivity of each sample type can be determined from these plots and these are given in Table II 
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a decreasing trend in the activation energy associated with boron-doped diamond films with increasing boron concentration for ͑100͒ diamond films. Their data showed that would suggest that the activation energies measured in the present arise due to very high doping levels within the diamond films.
The strong variation in the activation energy for electrical conduction within these samples implies the existence of more than one conduction mechanism. In addition to the transport of free carriers ͑in our case holes within the valance band͒, doped semiconductors can support conduction through carrier "hopping." Hopping conductivity is a conventionally associated with low temperatures in materials such as silicon, but can occur at room temperature or above in diamond, as the boron acceptor state is deep within the diamond band gap. Hopping conduction is normally restricted to samples with significant compensating defects, as donors are required to supply an electron to the boron acceptors, which are not thermally ionized at modest temperatures. A compensation ratio K = N D / N A can be used to characterize differing samples. Charge transfer occurs by tunneling in the process of nearest neighbor hopping 16 or by thermal activation in variable range hopping. 17 Mamin and Inushima 18 discussed the basis of conductivity in heavily boron-doped diamond films, referring to the ͑100͒ system. Under high doping conditions it was supposed that the nearest neighbor of each boron atom might no longer be carbon, with combinations such as B-B, B-C-B, B-C-C-B, etc., becoming likely. The fraction of boron atoms occupying these states will depend upon both statistical laws and the nature of the growth conditions used. It can also be supposed to be affected by the crystallographic orientation of the growth plane. This kind of nontrivial state will form a shallow acceptor level with an energy less than 0.37 eV; Mamin and Inushima assumed that these states have an energy of 0.06 eV above the valance band and that the relevant statistical law was N 2 ͑additional boron states͒ = N B 2 V 0 , where V 0 , the volume of the interaction area was taken as 5 nm 3 ͒. This leads to the assumption that when N B =10 19 cm −3 , N 2 will be equal to 5 ϫ 10 17 cm −3 . If we further assume that the number of compensating donors, N D , is small compared to N B , then as the doping level increases N D will increase more slowly than N 2 , until we reach a point where N 2 Ͼ N D . In this case the donors only compensate the states associated with N 2 since the energy associated with these states is so small compared to the 0.37 eV of N B . The conductivity behavior of the samples should now change dramatically, with the coexistence of band and hopping conductivity over a wide temperature range. It was proposed that the emergence of a range of shallow states at very high doping levels leads to conductivity that is mainly hopping in character. Langrange and co-workers 10 proposed that the transition to hopping conductivity in high quality homoepitaxial ͑100͒ diamond films occurred at a boron concentration of 1 ϫ 10 19 cm −3 , with metallic conduction at boron levels of Ͼ2 ϫ 10 20 cm −3 . Hopping conductivity is generally seen as undesirable within semiconductor systems, as it is associated with low mobility values. 8 To determine the concentrations N A and the compensating level of N D numerical simulations were performed using the equation for a partially compensated semiconductor
where p, m h , k, T, and E A are the hole concentration, the effective mass of the hole, the Boltzmann constant, sample temperature, Planck constant, and the activation energy for the ionization of the hole, respectively. 19 The density difference N A − N D can be estimated from extrapolation to the high temperature limit of the experimental ln p versus T −1 plots. The value of m h can be taken to be 0.48m 0 . On this basis the values of ͑N A − N D ͒ and N D can be seen in Table II , alongside the measured carrier concentrations at 800 K. It is clear that the actual doping level in these ͑111͒ films is higher than that predicted from the use of activation energy data derived from measurements on ͑100͒ material. 7 The compensation ratio, N A / N D , can be seen to be very low, lying in the range 0.15% − 0.33%.
It is well established in conventional semiconductor systems that ionized impurity scattering dominates observed carrier mobility values at low temperatures, while phonon scattering controls high temperature mobilities. 16 When carriers are moving relatively slowly ͑low T regime͒ the change in mobility is expected to follow a T 1.5 trend, while at higher temperatures, the influence of thermal acoustic phonons is likely to lead to a variation according to T −1.5 . Such classical behavior has rarely been seen in diamond films. For example, Tsubota et al. 17 prepared boron-doped ͑100͒ homoepitaxial films using microwave-plasma CVD identifying a T 2.8 relationship for mobility between 200 and 300 K, with a T −2.8 relationship being apparent within the range 300-500 K. While offering no explanation for these values, the authors noted the results were consistent with other studies in- 20 again concentrating on homoepitaxial ͑100͒ films, found mobility to be dependent upon T −͑2.7−3.1͒ within the temperature range 300-500 K. More recently, Teraji and co-workers 21 grew boron-doped ͑100͒ homoepitaxial films using a high power density microwave plasma CVD approach. The films showed very low compensation ratios ͑of the order of 1%͒ and mobility values that varied with temperature according to T −͑1.3−1.6͒ at temperatures below 270 K, with a value of T −͑4.0−4.5͒ above this temperature. These curious results were suggested to result from phonon scattering at low temperatures with the reason for the higher temperature result remaining unclear. These observations suggest diamond can behave in a manner that conflicts with established semiconductor theory. Again, high Hall mobility values ͑2750 cm 2 / V s͒ were reported for low temperatures ͑215 K͒ and very low carrier concentrations ͑3 ϫ 10 14 cm −3 ͒. Wang et al. 22 reported a T −3.9 dependence on mobility for the entire temperature range 300-800 K for ͑100͒ homoepitaxial films with an acceptor concentration of 1 ϫ 10 19 cm −3 ͑N D ϳ 10 17 cm −3 ͒ and a room temperature Hall mobility of 910 cm 2 / V s. This discussion highlights the difficulty in considering the origin of carrier scattering at differing temperatures and different doping regimes, even within the relatively well-studied diamond ͑100͒ borondoped system. In terms of the ͑111͒ system, little is currently known, with Gi and co-workers 13 confining their observations to the temperature range 200-450 K and making no comment on the variation of mobility with temperature. They reported a room temperature mobility value of 364 cm 2 / V s for the very low carrier concentration of 2.9ϫ 10 13 cm −3
͑again not useful for devices͒. The compensation ratios determined were high at 3% −28%. In the current case, low compensation ratios have been determined, alongside carrier concentrations and relatively high mobility values, at high temperatures ͑800 K͒. For example, in the case of sample type 1, ͑Table II͒ the value for hole mobility peaks at ϳ20 cm 2 / V s ͑450 K͒ at the ͑high͒ carrier concentration of 3 ϫ 10 19 cm −3 , and only falls to 15 cm 2 / V s at 800 K, where phonon scattering is expected to reduce the mobility value. Moreover, the lower temperature variation of mobility as T 1.3 and the higher temperature variation being as T −0.9 in this sample is indicative of nearclassical conduction with the diamond semiconductor. In sample type 4, the 800 K mobility value is rather similar to sample type 1 ͑14 cm 2 / V s͒, despite the increase in carrier concentration to 2 ϫ 10 20 cm −3 , and the peak in mobility value is now at 700 K rather than 450 K. Indeed, a trend in increasing the temperature for the peak in mobility value is evident through sample types 1-4. This result implies a decrease in the relative effect of phonon scattering compared to ionized impurity scattering as the dopant concentration increases. This is not surprising in itself, but it is surprising that the mobility values remain relatively high for all of these sample types. Figure 6 shows a plot of the mobility data measured here, against the sheet carrier density for two temperatures ͑300 and 800 K͒, clearly revealing the hopping and valance conduction regions observed. This observation is very encouraging for the high temperature operation of diamond devices based around highly boron-doped ͑111͒ layers, as device operation will not be degraded as severely by high temperatures as would have previously been expected. It can be speculated that the very low compensation levels achieved in here are indicative of the very high quality homoepitaxial process that has been achieved. Since compensation is required for hopping conductivity to occur, this result is likely to be the reason that high mobility ͑valance band conduction͒ is maintained in sample types 4; in studies of boron-doped diamond ͑100͒ the doping level evident in sample type 4 would have already led to the loss of valance band-conduction and the onset of the very low mobility values associated with hopping. In the present case it is only sample type 5 ͑2 ϫ 10 22 cm −3 holes, Table II͒ that displays the low mobility values associated with carrier hopping ͑Ͻ0.1 cm 2 / V s͒.
V. CONCLUDING REMARKS
High quality homoepitaxial films have been grown on type 1b ͑111͒ single crystal diamonds. TMB has been used to introduce boron as a substitutional dopant species during the homoepitaxial growth process, with free carriers ͑holes͒ concentrations as high as 2 ϫ 10 20 cm −3 while maintaining ͑val-ance͒ band conduction displaying mobilties of the order of 15 cm 2 / V s. These high values are thought to arise through delaying the onset of hopping conductivity within these films, due to the extremely low compensation levels observed for these films. Only at carrier concentrations measured as high as 2 ϫ 10 22 cm −3 does the mobility collapse to values associated with hopping ͑Ͻ0.1 cm 2 / V s͒. Interestingly, the mobility values in these films are not strongly degraded by increasing temperatures, with the maximum val- FIG. 6 . ͑Color online͒ Hole mobility ͑cm 2 / V s͒ plotted against carrier density ͑cm −3 ͒ for the samples grown here, measured at 300 and 800 K.
ues of mobility in some films actually occurring at 700 K. These results are very promising for the potential application of highly boron-doped ͑111͒ homoepitaxial diamond layers for high temperature devices applications. Further studies into the influence of substrate surface preparation on the electronic characteristics of the subsequently grown epilayers are currently underway, but it is clear that the ultrapure gases used for growth in the current instance and the growth parameters used can lead to very high quality-doped diamond. The integration of these types of layers with more lightly phosphorus-doped diamond ͑111͒ epitaxial layers can be seen to be an essential step toward the realizing of one sidedabrupt junction bipolar devices from diamond for high temperature device applications.
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